This article presents the development, deployment, and assessment of a hands-on curriculum module for a seniorlevel course in component design at the Industrial and Enterprise Systems Engineering department at the University of Illinois at Urbana-Champaign. In this course students learn how to design engineering systems using gears, bearings, springs, steel structures, and other components. The course has traditionally included a semester group project where students apply their component design knowledge to a realistic design application, helping to further solidify and integrate their design knowledge. In recent years the project has centered on the design of a trailing arm automotive suspension system with components that interact in complicated ways. Students are expected to follow a rigorous engineering design process and support their design decisions with thorough engineering analysis. Until recently this project was limited to virtual analyses and design solutions; the connection between these design solutions and physical realization was an obvious gap in the project experience. This project was revised to incorporate a targeted handson curriculum module, which was introduced in fall 2014. Objectives of this module include helping students gain experience with the 'media' of engineering design, and to help students connect analytical and simulation-based studies with the corresponding physical system. The implemented module is a two-part activity in which students design a suspension system using model-based design techniques (in Matlab), followed by physical testing and further analysis using a specially built physically reconfigurable suspension testbed. This testbed allows students to test unique designs rapidly, observe real-time dynamic system performance, and to analyze the difference between simulated and physical test results. Through this activity we gauge students' attitudes towards traditional theoretical and paper-based design activities versus the hands-on module. We also work to answer the question: "to what extent does a project-based curriculum module influence student experiences and conceptual understanding of engineering design?" through systematic student surveys designed around this new hands-on curriculum module.
Introduction
Engineering educators in the United States have faced serious challenges with developing engineering curricula that address both theoretical and practical needs of students. Liebman [1] demonstrated that a shift toward more theoretical content in the engineering curriculum has produced graduates with far less experience in the practice of engineering design than those of years past. It has been recognized that an essential component of engineering design courses is to maintain a healthy balance between theoretical content and and practical experiences. Too much focus on theory may result in the loss of student interest in subject matter, impacting retention [2] [3] [4] [5] . On the other hand, excessive focus on practical activities void of important theoretical background may compromise a student's knowledge base. A balance between engineering theory and engineering practicum, whenever possible, is most desirable. One suggested remedy has been an applied inductive teaching approach [3, 6] that uses active teaching methods that present students with specific challenges, complex real-world problems, or active learning opportunities (e.g., project-based learning, case-based learning, etc.) [7] . Other approaches advocate modifying curricula to foster a development-based rather than a knowledge-based skill set as it helps students understand problems in depth [8] (e.g., enhancing problem formulation skills [9] ). The design community has been focused on addressing many of the issues highlighted above pertaining to engineering design education. To that end, many important ideas have been proposed recently to enhance engineering design education including model-based design education [10] [11] [12] , education through design modules [13, 14] , and design and build projects [15] .
Component Design (GE 410), the senior-level design elective course discussed in this study, has historically followed traditional deductive methods of instruction in which instructors start with theories and mathematical models, and then move to textbook examples, which may or may not ultimately extend to real world applications [3, 7] . The academic department that offers this course has been making significant efforts to transform student engineering design experience in both freshman and senior-year courses. Focus has shifted in a balanced way toward project-based lab activities to help students identify the connection between theoretical and applied elements of their engineering design coursework.
The GE 410 course aims to help students learn to design mechanical and structural systems, including systems that involve shafts, gears, bearings, springs, and other components. Students learn how to shift from thinking in terms of engineering analysis to design thinking. They learn how to predict a wide range of failure modes for several types of components, and then use this knowledge of failure analysis to guide design decisions. They also learn design automation techniques and about design synthesis. Through an intensive semester long suspension design project they learn how components within a system can interact in complicated ways, and how design changes to one element in a system can result in complicated change propagation throughout the rest of the system. This design project is a group project with 3 to 4 students per group.
While most students taking GE410 are well-prepared for the analytical and mathematical elements of the course, many students have very little experience with actual mechanical systems. This may not be a significant impediment to courses focused on engineering analysis where students are asked to predict stress, strain, or other quantities related to the performance of an existing engineering component, but when students are required to create new designs of mechanical systems to meet requirements, this lack of intuition for the media of engineering design is extremely detrimental. To clarify, creative persons must understand the nature of their creative media very well. Artists must understand oil paints, clay, or other creative media, and engineers who create new mechanical systems must have deep intuition for how mechanical components behave. Learning how to perform calculations associated with mechanical design is essential, and investigating the associated formulas can provide deep insight into mechanical systems, but learning formulas and calculation procedures alone is insufficient to become proficient at engineering design. Students must connect more with the physical applications to develop a feel for how mechanical system work [16] .
According to Hubka and Eder [17] , design science should strive to build up an integral system of logically related insights and knowledge that should contain complete knowledge about and for designing. A healthy balance of active teaching pedagogy and development-based methods encompasses the iterative processes of forming and developing theory, hypothesizing, experimentation, and application [18] . To address this we propose the development of a novel hands-on curriculum module where students can use model-based design to generate virtual design prototypes that can be tested on a physical testbed system that imitates a real world application. In this exploratory paper, we also present a preliminary investigation of the question More open projects provide students with opportunities to enhance synthesis skills and creativity, but are time and resource intensive. More structured projects provide a streamlined experience, and while they support learning objectives that are different from open-ended projects (e.g., integration of analysis, later-stage design activities), structured projects are less effective for strengthening skills such as problem formulation and concept generation. It was ultimately determined that a moderately structured project that retains still significant opportunities for creativity was best for the GE 410 course. The majority of students in this course are concurrently engaged in an open-ended senior capstone design project, and the already intensive GE 410 curriculum demanded a streamlined strategy.
With this supporting evidence and background motivation, starting fall 2014, we introduced a novel hands-on curriculum module that builds on the existing structured design project focused on virtual designs. The new module helps students connect theory to practice by allowing students to test and analyze their virtual suspension designs using a physical suspension testbed.
Testbed Design
This testbed is an automatically reconfigurable mechatronic system that is small enough to bring into a classroom, yet close in scale to a real automotive suspension system (please refer Fig. 2 for details) . Students can use this testbed to observe the physical performance of their designs by running through a variety of tests where the suspension is excited by a high-power road disturbance emulator, which physically simulates the vertical disturbance due to driving over a rough road. This testbed can test passive, semi-active, and fully-active suspension designs (different configurations used in automatic control of suspension systems).
The physical testbed consists of a control arm that pivots with the platform (vehicle body), spring and damper as energy storing and dissipating elements, and a road disturbance emulator for emulating the road surface. The control arm length can be adjusted automatically using a lead screw and stepper motor. In addition, the control arm and spring/damper attachment points can be adjusted using the same type of reconfiguration mechanism. This allows students to explore a wide range of kinematic designs. In addition, the spring is pneumatic, allowing automatic spring stiffness changes by adjusting air pressure. The damper is a magneto-rheological (MR) damper; this type of damper allows damping rate adjustments by changing the strength of a magnetic field that permeates the damper.
A schematic of the trailing-arm type suspension is shown in Fig. 3 . The kinematic design is specified by the reconfiguration variables x p 1 through x p 4 . These variable values can be specified within an allowable range to modify the kinematic properties of the suspension. Once the students' design is loaded on to the physical testbed, the stepper motors adjust the mechanical components to match student design specifications. In addition, the spring stiffness (K lin ) can be specified as well. Students are not expected to determine the MR damper properties as it is out of scope for this project. Appropriate MR damper properties are determined automatically through optimization methods based on kinematic and stiffness properties. Choosing specific values for K lin and the kinematic design variables (x p 1 through x p 4 ) influence the dynamic performance of the suspension system. The performance of the physical system is assessed by monitoring the motion of the suspension as the road disturbance emulator moves up and down rapidly. The road disturbance emulator is just below the wheel, and it approximates the vertical motion that the wheel would experience as a vehicle moves across a rough road surface. A variety of sensors measure the motion of suspension components through time, and this data is shown in real time to students to give them understanding of the real behavior of the system. The data is also recorded for further analysis. A more detailed technical description of the testbed can be found in Ref. [21] , including integrated design of reconfigurable physical and control system elements.
Suspension Testbed Simulation Model
A Matlab R simulation model was created for students to explore the design space through a custom graphical user interface (GUI) shown in Fig. 4 . Students aim to improve two primary performance objectives: a road handling metric (J 1 ) and passenger comfort metric (J 2 ). The combined performance objective is defined as the convex combination:
where 0 ≤ r 1 , r 2 ≤ 1 and r 1 + r 2 = 1. The set of design variables includes both the vector of kinematic design variables,
] T , and the linearized spring rate K lin . Students specify these values using the GUI (Fig. 4) . A physical interpretation of these design variables is shown in Figs. 2 and 3 . In addition to x p and K lin students are expected to choose the coefficients r 1 and r 2 that define the tradeoff between two objectives J 1 and J 2 .
We define the road input as q(t), and force input to system as F (u) (active force in parallel with spring and damper). In the semi-active case the damping force is controlled in real time; no parallel active force is present. The dynamic states of the system (ξ) are:
The system positions and velocities in the definition of ξ are defined in Fig. 3 . With these quantities defined, we can formulate the mathematical model used for suspension system simulation using the following differential equation:
Active Suspension Case Study
In this section we introduce a new model for an active suspension system, in fully reproducible detail, that includes a model of important physical system design considerations in addition to a dynamic model of the suspension. Effort was made to maintain linearity of system dynamics to preserve the usefulness of this model in other studies that are limited to linear time-invariant systems.
Consider the quarter-car model of a vehicle suspension illustrated in Fig. 4 . The the sprung mass ms (325 kg) and the unsprung mass mus (65 kg) vertical positions are given by zs and zus, respectively. The system is excited by variations in road elevation z0 as the vehicle travels at speed v. The passive dynamic response of this system can be characterized by the following system of linear differential equations:
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x p1
x p 2 x p 3 FIGURE 3: Schematic for a trailing arm type suspension where:
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The variables and parameters used in this model are listed and defined in Table 1 . It should be noted that K s (x p , ξ) in the above model represents the nonlinear effective stiffness of the system that accounts for nonlinear kinematics. It is a function of system kinematics through design variables x p and system states ξ. This kinematic mapping is derived a-priori and incorporated into the system simulation dynamic model. GE 410 students treat this model as black-box simulation accessed through the GUI illustrated in Fig. 4 .
The performance objectives J 1 and J 2 can now be defined formally. The overall tire deflection variance, quantified by the time integral of (z us (t)−z 0 (t)) 2 = ξ 2 1 (t), is an accepted approximation of road handling performance. This handling metric, J 1 , is defined below in Eqn. (3) . The overall sprung mass acceleration, quantified by the time integral ofz 2 s (t) =ξ 2 4 (t), is an accepted approximation for passenger comfort [22] . This comfort metric, J 2 , is defined below in Eqn. (4) .
A simulated rough road input with an International Roughness Index (IRI) value of 7.37, corresponding to a maintained unpaved road, is used as the disturbance input for this simulation model [23, p.170 ]. Other road profiles may be simulated using the road disturbance emulator mechanism that is described in Section 2.1. 
Design of New Curriculum
As described in the previous sections the new curriculum includes two components: model-based design (using Matlab R simulation) and physical testing of designs (using the reconfigurable testbed). These two components are covered in the form of two assignments (a) and (b) that students were asked to complete. The scope of these assignments is pictorially represented in Fig. 5 , and the description of these assignments follows.
Assignment (a) -Model-Based Design:
In this assignment students are asked to develop a virtual design of their suspension for both passive and semi-active suspension systems. That is, students are asked to perform following two sets of designs:
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. .
Assignment (a)
Assignment (b)
FIGURE 5: Scope of each assignment SET I: Passive suspension system design SET II: Semi-active suspension system design A passive suspension is a conventional suspension system that relies only on passive dynamic components (spring, damper) to isolate the vehicle from road disturbances. No active control is used in this case. In a semi-active suspension the properties of one or more dynamic components may be changed in real-time to adapt to road conditions [21] , but no significant amounts of energy are injected into or removed from the system using active dynamic components such as a linear force actuator (e.g. Bose linear force actuator [24] ). These designs are created after students have already made significant progress before this hands-on activity toward designing the kinematic and mechanical component (spring, bearings, etc.) aspects of their suspension systems using material covered in lecture. This activity helps students not only to connect their designs with a real physical system, but also to explore dynamic aspects of the suspension system.
Each candidate design is defined as the specification of both x p and K lin , as well as the objective function weights r 1 and r 2 . Students are asked to explore a range of designs (their i th candidate design being defined as
, and then report their four best designs for both the passive and semi-active cases to form the sets SET I and SET II. They are asked to report these sets in tabular format as shown in Tables 3 and 4 located in the  Appendix. An ideal task would be to have students test a range of coefficient values (r 1 , r 2 ) and construct an approximate Pareto front, but given the limited number of contact hours for this 3-credit hour course this task was not included. Also, in the case of semi-active suspension design, the feedback control gains for the MR damper are automatically computed and provided to students, as the focus of this class is mechanical design and not control systems design. From these sets of designs students are able to see not only how semi-active control improves dynamic performance, but more importantly how the physical elements of semi-active suspension systems should be designed differently from passive suspensions. Fully-active suspension design and testing is not included in this learning module.
As a final task for assignment (a), students are asked to identify the best performing designs x * , one for each of the sets (SET I and SET II). These best designs x * are then used in assignment (b) for physical testing.
Assignment (b) -Physical Testing:
In this assignment students test the best designs x * obtained in assignment (a). Students are then asked to report the performance of their best designs x * (identified using model-based design) on the physical testbed in the tabular format as shown in Tables 5 and 6 (located in the Appendix). Students then compare the predicted performance of x * using model-based design (i.e., y * ) with actual testbed performance (ŷ * ). Students were then asked to explain the differences (if any) between the results. In our observation, almost all student groups were able to explain the difference satisfactorily, which gave us qualitative confidence that providing students with a direct experience with the physical system they are designing does help improve their engineering intuition. The explanations provided by students correctly included: unmodeled friction, sensor noise, and non-linearity of springs and dampers.
The central role of this assignment was to provide an experience to students in which they could showcase or test theoretical learning on a physical system. Rapid sequential testing by students is important for developing intuition for the effect of design changes, and this type of testing is supported by the automated reconfigurability capability of the testbed. The primary focus of this curricular change was the the overall experiential knowledge attained by students throughout the course, as opposed to associated outcomes.
Preliminary Evaluation of New Curriculum
To evaluate the effectiveness of this new curriculum we collected some preliminary data that consisted of pre-and
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Copyright © 2016 by ASME post-surveys of the course's students. The pre-survey was administered before students completed assignment (a), and the post-survey was administered after students had finished assignment (b). Additional relevant information pertaining to the collection of the survey data follows below.
Participants
All student participants had a class standing of senior year. The total number of students enrolled in the course was 42. The demographic makeup included 34 males and 8 females.
Pre-Survey
The pre-survey was developed based on the MUSIC model of academic motivation [25] . The pre-surveys were distributed at approximately the halfway point of the 16 week course, and 16 students participated. The surveys were filled out in class. The surveys were administered prior to the introduction of the project based suspension testbed lab activity. It consisted of 16 questions that measured attitudes and experiences with regard to engineering design, analysis, modeling, and optimization (refer to Table 7 in the Appendix for details).
Post-Survey
The post-survey was similar in nature and it was administered after students participated in the project-based suspension testbed module, which was one of the course's final assignments. The post-survey consisted of 18 questions (refer to Table 8 in the Appendix for details); 16 participants completed it during the final day of class. Both surveys were reviewed by an Institutional Review Board and assessed by a team of evaluation/assessment specialists.
Quantifying Survey Data
The surveys were voluntary and they consisted of two sections that utilized Likert scale design. Section one of the survey had four response options:
The corresponding numbers accompanying the response options quantify the response data. In section two, each response had four response options as well: The hands on activity has helped me see the connection between theory and practice: FIGURE 6: Selected students' responses to some pre-and post-survey questions To quantify survey data, each response was coded with a numerical value that is listed alongside its response. A total score was calculated by summing all coded values of each survey response. The mean was then calculated using each totaled score (maximum achievable value being 4). The standard deviation was calculated using each set of response data as well. In Fig. 6 we present a subset of relevant survey data (student responses) followed by the comparative analysis of that data in the discussion section.
Discussion
An important limitation to acknowledge here is that the participant groups taking the pre-and post-surveys were not identical. Specifically, some students took the presurvey but not the post-survey, some students who took the post-survey but not the pre-survey, and some students who took neither or both surveys. Revisiting the initial objective of the study, "to what extent does a project-based curriculum module influence student experiences and conceptual understanding of engineering design?", the study found that 88% of students stated that the project based lab activity helped them connect theory with practice. Other important observations that highlight the study's findings are: 1. Student mean comfort level with engineering design process versus engineering analysis increased (2.13 to 2.31) between pre-and post-surveys. 2. Students' response to whether or not they planned to take engineering design courses in the future increased (2.46 to 2.77) between pre-and post-surveys. The standard deviation, however, was relatively high (1.00 & 1.13) in both surveys (pre and post, respectively), meaning there were responses at each end of the spectrum. 3. The relatively low mean score, 1.88 (pre) and 1.75 (post), to the question asking about students' belief in their ability to implement a design using actual hardware. This question points to the lack of exposure or level of comfort with practical engineering design experience.
The study also revealed some useful information and questions to build upon in ongoing and future work. Students' beliefs about their design skills decreased (2.31 to 2.13) between pre-and post-surveys. One possible explanation is that students are uncertain in how exactly to gauge their engineering design skills. Students may have found the design project to be more challenging after the lab activity with the physical testbed. This indicates that students may have approached the engineering design project with overconfidence, and understood the complete nature of the design project only after additional challenges were discovered through experience with the physical testbed. An additional survey or interview question would help reveal the deeper reason for reduced confidence. For example, students can be asked to list or discuss any previous design lab experience. Information on learning outcomes may be the most compelling evidence of student learning, but that alone does not help explain why students are or are not able to connect engineering design theory and engineering design practice. Using survey questions that focus on affective learning may at times bring hidden deficiencies to the surface. Formatively assessing the course is critical to the department's goal of understanding how to better bridge the gap between engineering design theory and engineering design practice. This particular study has established a baseline for future work which gives the department a point of reference that will help identify what was of benefit, and what was not.
Future Work
A future plan of this study is to administer a student focus group(s) whose protocol will center on findings from survey data. The purpose is to solicit rich descriptions of student interest, experiences, and perceptions. These findings will assist in future modifications of the curriculum and assessment of these modifications. The future plan would also include the administration of control groups of students to generate the high-level comparative statistics about the effectiveness of the proposed curriculum on achieving the learning outcomes.
